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ABSTRACT

Ovarian cancer is often termed a silent killer due to the late onset of symptoms. 

Whilst patients initially respond to chemotherapy, they rapidly develop chemo-

resistance. Oncolytic adenoviruses (OAds) are promising anti-cancer agents 

engineered to “hijack” the unique molecular machinery of cancer cells enabling 

tumour-selective viral replication. This allows spread to adjacent cells and 

amplification of oncolysis within the tumour. OAds represent an excellent opportunity 

for ovarian cancer therapy via intra-peritoneal delivery, however the efficacy of OAds 

thus far is limited. Here, we evaluate chromatin (histone) modification in chemo-

resistant cells and its relationship to Ad efficacy (wild-type or oncolytic Ad). In 

contrast to cisplatin-sensitive A2780 cells that show an efficient reduction of cell 

viability by Ad in the presence of cisplatin, cisplatin-resistant A2780/cp70 cells show 

diminishing Ad-mediated reduction of cell viability with escalating doses of cisplatin. 

Histone deacetylase (HDAC)-2 and to a lesser extent HDAC1 were up-regulated in 

cisplatin-resistant but not cisplatin-sensitive cells. Cisplatin-resistant cells treated 

with a pan-HDAC inhibitor trichostatin A (TsA) significantly enhanced Ad-mediated 

reduction of cell viability in the presence of cisplatin. Cells treated with TsA alone 

did not reduce cell viability suggesting these findings are Ad-dependent. Thus, we 

identify HDAC inhibition as a potential means to sensitise cisplatin-resistant ovarian 

cancer cells to virotherapies, an observation that may offer improved outcomes for 

patients with late stage, chemotherapy-resistant ovarian cancer. 
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INTRODUCTION

Worldwide, nearly 239,000 women were estimated 

to have been diagnosed with ovarian cancer and around 

65,600 new cases diagnosed in Europe in 2012 [1]. Patients 

commonly present at an advanced, often incurable stage, 

because of the late onset of symptoms. Although around 

80% of patients’ tumours respond initially to cytotoxic 

chemotherapy (usually up to two years), nearly all patients 

ultimately develop chemo-resistance and relapse [2]. Early 

observations of reduced tumour growth in response to 

vaccination prompted efforts to develop treatments based 

on biologics such as Ads [3]. Since then, OAds have 

been widely developed as therapies for cancer treatment 

[4]. There are 57 human Ad serotypes but those based on 

the species C Ad5 have been most widely evaluated for 

virotherapy applications. Ad5 can be readily manipulated 

by genetic or chemical means and amplified to high titers. 

However, several challenges limit the efficacy of Ad5 

clinically. Infection is dependent on cell entry via the 

native receptor, coxsackie and adenovirus receptor (CAR) 

[5]. CAR expression is frequently down-regulated as a 

function of tumour progression [6–8]. Therefore, efforts 

to target alternative receptors are under investigation 
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[9–11]. Ad5 is an endemic virus causing upper respiratory 

tract infections with up to 90% of the population having 

developed neutralising antibodies (nAbs) against Ad5 

[12, 13]. Consequently, pre-existing nAbs results in rapid, 

efficient elimination of Ad5 vectors upon in vivo systemic 

delivery [14, 15]. Ascites, an accumulation of fluid within 

the patient’s abdomen, represents a hallmark feature of 

ovarian cancer and contains nAbs as well as multiple 

cell types influencing the tumour microenvironment and 

response to chemotherapy [16, 17]. 

Clinical studies of OAds have been met with 

mixed success [18]. Onyx-015 and H101 (Oncorine) 

used in combination with chemotherapy agents in head 

and neck cancer showed little cell killing activity in 

vivo [19–23]. Imlygic (talimogene laherparepvec or 

T-Vec) developed for malignant melanoma [24] showed 

varying patient response at Phase III trial [25]. Efforts 

to develop more efficacious cancer immunotherapies by 

combining oncolytic virotherapy with chemotherapy, 

immune checkpoint modulators and epigenetic 

modifiers is attracting renewed interest [26–28].  

Almost without exception, cancer cells display 

epigenetic (histone) aberrations that are linked to the 

development and progression of cancer [18, 29] and 

chemo-resistance [30]. HDAC inhibitors (HDACis) 

block histone deacetylation, promote cancer cell death 

and an immunogenic response [31]. These include 

vorinostat, romidepsin (FR901228, depsipeptide) 

and belinostat which have gained approval for 

haematological and solid malignancies [18]. 

It is well accepted that in addition to disturbances 

of histone acetyltransferase (HAT) and histone 

deacetyltransferase (HDAC) activity in tumour 

development, both enzymes are able to target non-histone 

targets such as viruses and proteins involved in cellular 

proliferation, migration, apoptosis and DNA repair [32].

The lack of efficacy of OAds in clinical trials prompted 

us to evaluate in this study whether potential differences 

in histone status between chemo-sensitive and-resistant 

ovarian cancer cells affect OAd efficacy. We hypothesised 

that Ad infection and replication hence efficacy might be 

altered with differences in histone regulation between 

these cell types. In the present in vitro study, we developed 

a control Ad (replication-deficient), replication-competent 

Ad5 wild-type (Ad5WT) and conditionally-replicating 

dl24 (∆24) rendered oncolytic by deletion of 24 base-pairs 
(amino acids 120-127) in the adenoviral E1A region [33]. 

We compared the efficacy of Ads in cisplatin-sensitive 

and matched -resistant ovarian cancer cells. Our findings 

outline a novel potential role for histone deacetylation 

inhibition in improving OAd-mediated reduction of 

cell viability of platinum-resistant ovarian cancer cells. 

HDACis may have important clinical implications for 

future combination trials in end-stage ovarian cancer 

patients. 

RESULTS 

Characterisation of the CAR receptor shows 

heterogeneity between patient EOC cells and 

similar expression in ovarian cancer cell lines

The native Ad5 receptor CAR is required for Ad 

infection [5]. In order to characterise the efficacy of our 

panel of Ads for this study, we sought to first determine 

the expression levels of CAR on primary epithelial ovarian 

cancer (EOC) cells cultured from clinical ascites [11] 

(data not shown). The composition of cells derived from 

metastatic sites of ovarian cancer patients in ascites varies 

widely and comprises tumour, mesothelial, fibroblast, 

immune and red blood cells. We selected two samples 

with contrasting CAR levels to test whether significantly 

different expression levels of CAR influenced Ad efficacy 

in our chemo-resistance model. EOC003 primary tumour 

cells, donated by a patient with end-stage, chemo-resistant 

disease, showed 40% of cells in total were positive for 

CAR expression as determined by flow cytometry whilst 

EOC009 cells, derived from a patient with chemo-

sensitive disease expressed 99% CAR. A2780 cisplatin-

sensitive and A2780/cp70 cisplatin-resistant cells 

expressed approximately 30% and 36% CAR expression, 

respectively (data not shown).

dl24 efficacy is comparable to Ad5WT 

We next tested the efficacy of our panel of Ads by 

performing a dose-response experiment, infecting cells 

at a multiplicity of infection (MOI) of 0-10 in matched 

cisplatin-sensitive and cisplatin-resistant ovarian cancer 

cell lines (A2780 and A2780/cp70 respectively) and 

primary epithelial ovarian cancer (EOC) tumour cell 

cultures (Figure 1). The replication-deficient control Ad 

did not reduce cell viability in any cell type. There was 

no statistically significant difference in cell viability for 

any cell type infected with Ad5WT except in SKOV3 

cells where Ad5WT decreased cell viability (P < 0.05). 

We observed a significant decrease in cell viability for 

A2780, SKOV3 and EOC003 cells (end-stage, chemo-

resistant disease) infected with dl24 in comparison to the 

replication-deficient control Ad (P < 0.05).

Cisplatin reduces Ad efficacy in cisplatin-

resistant cells 

A major clinical limitation for the treatment of 

ovarian cancer is the rapid development of chemo-

resistance. We therefore tested the efficacy of our Ads, 

as an alternative or adjunct to cisplatin, in cisplatin-

sensitive and matched -resistant cells (Figure 2). Both 

wild-type replication-competent Ad5 (Ad5WT) and 

selectively replicating dl24 showed cytotoxic effects 
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that were similar to or better than 20 µM cisplatin, alone 

or in combination with cisplatin, in cisplatin-sensitive 

A2780 cells. In matched cisplatin-resistant A2780/cp70 

cells, both Ads were much more effective than cisplatin 

when administered as a single agent and, in contrast to the 

cisplatin dose-effect seen in the A2780 cells, efficacy was 

reduced by co-administration of increasing concentrations 

of cisplatin. 

Ad transduction is comparable in cisplatin-

sensitive and -resistant cells 

To rule out any bias in our observed differences in 

Ad-mediated reduction in cell viability between cisplatin-

sensitive and -resistant cells, we performed transduction 

experiments by infecting both cell types with dl24 at 1000, 

5000 and 10,000 virus particles (vp)/cell. We observed 

no difference in transduction activity between cisplatin-

sensitive or -resistant cells, as assessed by expression of a 

virally-encoded transgene (Supplementary Figure 1). 

HDAC2 is up-regulated in cisplatin-resistant 

cells but HDAC2 knockdown has no effect on 

cell viability

The emergence of chemo-resistance has been 

associated with epigenetic modifications [30]. We sought 

to determine whether epigenetic histone modifications 

might be responsible for the observed differences in 

Ad efficacy in cisplatin-treated A2780 and A2780/cp70 

cells. We examined the expression profiles of nuclear 

HDAC1, HDAC2 and HDAC3 by flow cytometry 

(Figure 3A). A2780/cp70 cisplatin-resistant cells showed 

a marked increase in HDAC2 expression in comparison 

to cisplatin-sensitive A2780 cells (from 74.7% to 

19.8% respectively). We therefore sought to determine 

whether knockdown of HDAC2 by siRNA reverses the 

chemo-resistant phenotype. We achieved knockdown 

of HDAC2 using siRNA 1 (Figure 3B) in A2780/cp70 

cells and quantified knockdown of 76% as measured by 

densitometry (Figure 3C). However HDAC2 knockdown 

Figure 1: Ad5WT (wild-type replication-competent) and dl24 (oncolytic) Ad show specific and dose-dependent reductions in cell viability 

in (A) ovarian cancer cell lines and (B) primary epithelial ovarian cancer (EOC) cells derived from patient ascitic fluid. No reduction of cell 

viability was observed for the control Ad (replication-deficient). A2780 (cisplatin-sensitive) and A2780/cp70 (cisplatin-resistant), SKOV3 

and primary EOC (EOC003 and EOC009) cell viability in response to Ad infection (0–10 MOI) was quantified by MTS assay at 72 h post-

infection. Cell viability was calculated as a percentage of uninfected cells (control). Data was corrected for background absorbance from 

the incubation media. Data is expressed as the mean ± SEM. Experiments were performed in triplicate.
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failed to significantly alter cell viability (Figure 3D) 

suggesting HDAC2 alone is not responsible for the 

chemo-resistant phenotype of A2780/cp70 cells. HDAC1 

and HDAC2 share 83% sequence homology and exist 

together as a co-repressor complex. Knockdown of either 

HDAC1 or HDAC2 in liver and colorectal cancer cell 

lines has little effect on cell viability and proliferation, 

whereas combined knockdown of HDAC1 and HDAC2 

increases cell death and reduces cell proliferation [34]. 

We did however observe a significant increase in cell 

viability (% of uninfected control) of A2780/cp70 

cells infected with dl24 oncolytic Ad in the absence of 

cisplatin after HDAC2 knockdown by siRNA (siRNA1). 

There was no significant increase in cell viability in the 

presence of cisplatin after HDAC2 knockdown (Figure 

3E). The reasons for this observation are not clear and 

require further investigation. 

Pan-HDAC inhibition does not influence cell 

viability in the absence of Ad

To assess a potential role for HDAC over-expression 

on resistance to cancer therapies, we compared cell 

viability of cisplatin-sensitive and -resistant cells in the 

presence and absence of the pan-HDACi, trichostatin A 

(TsA). We applied cisplatin and TsA separately and in 

combination, measuring cell viability at 72 h to mimic 

the time-point for analysing cells post-infection with 

Ad (Figure 2). Cells were exposed to varying doses of 

cisplatin (0.1–10 µM, Figure 4A) and TsA (60 nM–

0.2 µM, Figure 4B) and in combination (Figure 4C). 

A2780 cisplatin-sensitive cells were more sensitive to the 

combination cisplatin and TsA treatment, than to either 

drug alone, particularly at lower doses, whilst there was 

no meaningful impact on cytotoxicity of the combination 

in A2780/cp70 cisplatin-resistant cells (Figure 4C). 

TsA enhances Ad efficacy in cisplatin-resistant 

cells exposed to cisplatin

We next tested whether histone modification 

in cisplatin-resistant cells influences Ad-mediated 

reduction of cell viability in the presence of cisplatin. 

Cells were infected with Ad (MOI = 10) and cisplatin 

(20 µM) without TsA, or in combination with either 0.3 

µM or 0.6 µM TsA and cell viability measured at 48 h 

post-infection, time-points that allow Ad replication 

to occur (Figure 5). Cisplatin-sensitive A2780 cells 

infected with Ad5WT or dl24 resulted in ~50% cell 

viability that decreased to ~10% in combination with 

cisplatin treatment, but no further reduction in cell 

viability was achieved with TsA treatment (Figure 5A). 

Replication-deficient control Ad infection with cisplatin 

and TsA treatment alone or in combination was cytotoxic 

achieving similar levels of reduced cell viability as that 

observed with Ad5WT and dl24 oncolytic Ad infection. 

Cisplatin-resistant A2780/cp70 cells infected with 

either Ad resulted in ~60% cell viability, increasing to 

~70% cell viability as expected with a chemo-resistant 

phenotype upon cisplatin treatment (20 µM) (Figure 

5B). The development of chemo-resistance is likely due 

to multiple mechanisms including alterations in drug 

transport and increased efflux out of the cell, increased 

tolerance to drug-induced DNA damaging agents, 

altered drug target and DNA repair mechanisms [35]. 

Interestingly, treatment of Ad5WT infected, cisplatin 

treated cells with 0.3 µM TsA reduced cell viability from 

~70% to 43% cell viability), with a further reduction 

Figure 2: (A) A2780 (cisplatin-sensitive) cells show enhanced Ad-mediated reduction of cell viability with escalating dose of cisplatin, 

whereas (B) A2780/cp70 (cisplatin-resistant) cells show reduced Ad-mediated reduction in cell viability with escalating dose of cisplatin. 

Cells were infected with Ad5WT (replication-competent), dl24 (oncolytic) and control Ad (replication-deficient) at an MOI of 10 and 

treated with escalating doses of cisplatin (0–20 µM). Cell viability was measured by MTS assay at 72 h post-infection. Cell viability was 

calculated as a percentage of uninfected cells (control). Data was corrected for background absorbance from the incubation media. Data is 

expressed as the mean ± SEM. Experiments were performed in triplicate.
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in cell viability to 31% with 0.6 µM TsA. Infection of 

cisplatin treated cells with dl24 and 0.3 µM TsA treatment 

reduced cell viability from ~70% to 38%, decreasing 

further to 29% cell viability with 0.6 µM TsA treatment  

(P < 0.01). The non-replicating control Ad was not 

affected by cisplatin and TsA treatment indicating 

cisplatin-resistant cells require replicating Ad. The level 

of reduced cell viability is considered to be Ad-dependent 

as in the absence of infection of cisplatin-resistant A2780/

cp70 cells, cisplatin, TsA and combination treatments 

had no effect on cell viability (94%, 110% and 87% cell 

viability respectively). Collectively, these findings show 

that pan-HDAC inhibition by TsA sensitises cisplatin-

resistant (but not cisplatin-sensitive) cells to Ad.

TsA sensitises cisplatin-resistant cells to Ad 

We sought to determine the individual and combined 

effects of TsA and dl24 oncolytic Ad cytotoxicity at 72 

h post-infection in cisplatin-sensitive and -resistant cells 

in the absence and presence of ascitic fluid from patient 

donors (Figure 6A). TsA (0.6 µM) had no significant impact 

upon the cytotoxicity achieved with OAd (MOI = 10)  

in cisplatin-sensitive cells, either alone or in combination 

with 20 µM cisplatin. In contrast, TsA produced a 

statistically significant increase in cytotoxicity achieved 

by OAd in cisplatin-resistant cells, both alone and with 

cisplatin. These findings support the suggestion, from 

Figure 5 above, that TsA selectively sensitises cisplatin-

resistant cells to Ads but not to cisplatin. 

We have previously shown that the cytotoxic 

effects of Ad5-based vectors are inhibited by the presence 

of pre-existing nAbs in ascitic fluid. In the presence of 

2.5% ascitic fluid, levels of transduction with Ad5 were 

reduced by 98.9% [36]. To test whether the sensitising 

effect of TsA is affected by the presence of ascitic fluid, 

we performed parallel experiments to those in Figure 

6A, but in the presence of 2.5% ascitic fluid (Figure 6B). 

Ascitic fluid seemed to have no meaningful quantitative or 

qualitiative impact on cytotoxicity due to the selectively 

replicating oncolytic Ad dl24, in either cisplatin-sensitive 

or -resistant cells, with or without cisplatin. Collectively, 

Figure 3: HDAC2 expression is enhanced in A2780/cp70 (cisplatin-resistant) cells in comparison to A2780 (cisplatin-
sensitive cells) but knockdown of HDAC2 has no effect on cisplatin-resistant cell proliferation. (A) Flow cytometry data 

shows quantification of HDAC1, HDAC2 and HDAC3 expression in both cell types. (B) Representative Western Blot to show HDAC2 

protein levels after siRNA 1, 2, 3 and 4 knockdown and β-actin loading control in A2780/cp70 cisplatin-resistant cells. (C) Corresponding 

densitometry plots from (B). (D) Cell viability (% of uninfected control) of A2780/cp70 cells treated with cisplatin, negative control 

(scramble) siRNA, positive control (AbI 1) siRNA or HDAC2 (siRNA1) siRNA. (E) Cell viability (% of uninfected control) of A2780/

cp70 cells infected with dl24 oncolytic Ad in the presence and absence of cisplatin after HDAC2 knockdown by siRNA (siRNA1). 

Experiments were performed in triplicate. Data is expressed as the mean ± SEM. Statistics were performed using the Sidak`s multiple 

comparison test. P values ≤ 0.05 are considered statistically significant and calculated to determine differences between Ad infected cells 
with and without different siRNAs.
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our findings show that TsA treatment selectively sensitises 

cisplatin-resistant cells to Ad but not to cisplatin.

TsA does not alter CAR expression 

To confirm whether TsA treatment of cells affects 

the levels of CAR expression, cells were analysed by 

flow cytometry 24 hours after culture in the presence 

or absence of 0.6 µM TsA (data not shown). Cultured 

A2780 cisplatin-sensitive cells demonstrated low levels 

of CAR expression. A2780/cp70 cisplatin-resistant cells 

showed two populations of cells that were negative and 

positive (22.4%) for CAR expression. TsA treatment 

slightly increased CAR expression in the sub-population 

Figure 4: In the absence of Ad infection, A2780 (cisplatin-sensitive) cells show decreased cell viability with increasing 
doses of cisplatin, TsA and combination treatments whereas A2780/cp70 (cisplatin-resistant) cells are refractory to 
drug-induced reduction of cell viability. (A) A2780 and A2780/cp70 cells were treated with cisplatin at either 0.1 µM, 0.5 µM or 

10 µM cisplatin or (B) or TsA at 0.06 µM, 0.1 µM or 0.2 µM TsA, or (C) combinations of cisplatin and TsA. Cells were harvested at 72 h. 

Cell viability was measured by MTS assay and calculated as a percentage of untreated cells (no cisplatin or TsA). All values were corrected 

for background absorbance from the incubation media. Experiments were performed in triplicate. Data is expressed as the mean ± SEM.

Figure 5: Cisplatin and TsA treatment sensitises A2780/cp70 cisplatin-resistant cells to Ad5WT (replication-competent) 
and dl24 (oncolytic) Ad. (A) A2780 and (B) A2780/cp70 cell viability at 48 h post-infection (10 MOI) in the absence and presence of 20 

µM cisplatin, 0.3 µM and 0.6 µM TsA and combination treatments. Cell viability was calculated as a percentage of uninfected cells (no Ad). 

Data was corrected for background absorbance from the incubation media. Experiments were performed in triplicate. Data is expressed 

as the mean ± SEM. Statistics were performed using the Dunnett`s multiple comparison test. P values ≤ 0.05 are considered statistically 
significant and calculated to determine differences between Ad infected cells and Ad infected cells in the presence of cisplatin.
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of CAR negative cells, however this was not statistically 

significant.

DISCUSSION

The results of clinical trials testing OAds for targeted 

cancer applications have thus far been rather disappointing 

[4, 37–40]. In this study, we tested the ability of Ad5WT 

and dl24 oncolytic Ad to reduce cell viability in cisplatin-

sensitive and -resistant ovarian cancer cells. We show 

that both Ads reduce cell viability in cisplatin-sensitive 

cells. However, we observed significantly increased 

cell viability for cisplatin-resistant cells infected with 

Ad5WT and dl24 oncolytic Ad and escalating dose of 

cisplatin. We hypothesised that the observed reduction 

in Ad efficacy with increasing cisplatin may be due to 

chromatin modifications (HDACs) in cisplatin-resistant 

cells that affect Ad replication, although elucidating the 

mechanisms for these observations are not within the 

scope of this study. 

Previous studies consider HDAC1, –3 and –7 as 

tumour biomarkers [41] and knockdown of HDAC1, –2, 

–3 and –6 in a variety of cancer cell lines can promote 

apoptosis and cell cycle arrest while HDAC1, –2 and 

-4 are required to maintain cancer cell survival in vivo 

[42]. Indeed Jones [43], describes the use of epigenetic 

therapies as an attractive strategy for treating solid cancers 

due to the ability of HDACis to cause global alterations 

in the epigenome, however the author suggests the use 

of HDACis alone are unlikely to be efficacious unless 

combined with other modalities such as chemotherapy. 

An interesting study reported enhanced efficacy of a 

combination of TsA and 5-aza-2`-deoxycitidine (DNA-

methyltransferase inhibitor) and low-dose cisplatin 

in comparison to single drug in vitro as measured by 

decreased ovarian cancer cell line cell viability, migration 

and spheroid growth [44]. Furthermore, administration 

of cisplatin followed by TsA significantly suppressed 

tumourigenicity in a mouse xenograft model. In the 

context of virotherapy, we hypothesised that differences 

in HDAC expression in chemo-resistant cells may hinder 

the ability of Ads to utilise the host`s cellular proteins for 

efficient cell entry, replication and/or promote chemo-

resistance by preventing nuclear access of cisplatin. 

In support of this idea, we found that basal HDAC2 

expression (and to a lesser extent HDAC1) is up-regulated 

in cisplatin-resistant cells. This has also been demonstrated 

in PE01 (cisplatin-sensitive) and PE04 (cisplatin-resistant) 

ovarian cancer cells soon after cisplatin treatment (24 h),  

the authors suggesting changes in nuclear texture by 

HDAC2 are possibly a mediator of an early DNA 

damage response in sensitive tumour cells [45]. Histone 

Figure 6: TsA and cisplatin/TsA are equally efficient at sensitising cisplatin-resistant cells to Ad, an effect not observed 
in cisplatin-sensitive cells where TsA has no effect. Cell viability as measured at 72 h post-infection for each Ad infected cell 

(Ad5WT or dl24 at an MOI of 10) in the absence and presence of 20 µM cisplatin, 0.6 µM TsA and combination treatments was calculated 

as a percentage of uninfected cells. (A) Experiments performed without clinical ascites fluid in the culture media and (B) in the presence of 

clinical ascites fluid. Data was corrected for background absorbance from the incubation media. Experiments were performed in triplicate. 

Data is expressed as the mean ± SEM from 3 independent experiments. Statistics were performed using the Dunnett`s multiple comparison 

test. P values ≤ 0.05 are considered statistically significant and calculated to determine differences between Ad infected cells and Ad 
infected cells in the presence of cisplatin and or TsA.
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deacetylation is a form of self-defence to injury thereby 

repressing transcription, initiating chemotherapy-triggered 

DNA damage repair and promoting survival followed by 

histone acetylation to produce open chromatin for DNA 

accessibility downstream of the injury sites. In the present 

study, knockdown of HDAC2 failed to significantly 

reduce cell viability of A2780/cp70 cisplatin-resistant 

cells. Previous studies have shown decreased cell viability 

of the parental A2780 cells after HDAC2 knockdown [46], 

whilst others have reported no reduction in cell viability 

without simultaneous knockdown of HDAC1 [47, 48]. 

Previous studies have shown that HDAC2 depletion 

by siRNA reduced the IC
50

 of cisplatin in PE01 cells 

suggesting loss of HDAC2 enhances the effect of cisplatin 

[45], however this observation in response to cisplatin 

may be a separate mechanism to that of cell viability in 

response to adenovirus infection as shown by the findings 

of our study. 

A limitation of our study is that other HDACs 

are likely to be involved in maintaining the phenotype 

of cisplatin-resistant cells, in particular HDAC1 which 

exhibits very close sequence homology and co-exists 

with HDAC2. In support of this, we investigated whether 

pan-HDAC inhibition (by TsA treatment) might enhance 

Ad efficacy in cisplatin-resistant cells. TsA alone did 

not affect viability of A2780 or A2780/cp70 cells. 

Cisplatin-sensitive A2780 cells infected with Ad and TsA 

demonstrated no difference in cell viability, but addition 

of cisplatin reduced cell viability, again confirming a 

cisplatin-mediated effect. Interestingly, the opposite 

effect was observed for cisplatin-resistant cells where TsA 

treatment significantly enhanced Ad-mediated reduction of 

cell viability, even in the presence of high dose cisplatin, 

suggesting that TsA sensitises cisplatin-resistant cells to 

Ad but not cisplatin. Although the addition of 600 nM 

TsA to Ad infected A2780/cp70 cisplatin-resistant cells 

decreased cell viability, 30% of cells were still remaining, 

which would not be a satisfactory outcome clinically. 

However, in this study, we only tested TsA at 300 nM and 

600 nM doses as described previously [44, 49] and showed 

a decrease in cell viability with increasing dose of TsA. It 

is possible that increasing the dose of TsA further, may 

sensitise cisplatin-resistant cells to Ad to a level sufficient 

for reaching clinical efficacy. 

Earlier studies show enhanced anti-tumour effects 

of Ad co-treated with the HDACi FR901228 in lung 

cancer cells [50] and FK228 (romidepsin) administered 

prior to Ad infection boosted infection in a melanoma 

xenograft model [51]. HDAC inhibition has been shown 

to up-regulate CAR expression in bladder cancer [52], 

although our data did not show an increase in CAR 

expression with TsA treatment suggesting TsA acts to 

enhance Ad efficacy intra-cellularly. The OAd Delta24-

RGD previously shown to lack infectivity of glioma cells 

demonstrated enhanced Ad infection through up-regulated 

α
v
β3 integrin when combined with Scriptaid and LBH589 

through up-regulation of multiple cell death pathways 

[53]. A combination of Ad E1A gene therapy and SAHA 

(suberanilohydroxamic acid or Vorinostat) showed high 

therapeutic efficacy and low toxicity using in vivo ovarian 

and breast xenograft models [54].

Consistent with the potential for developing Ads for 

intra-peritoneal delivery in ovarian cancer patients, we 

repeated our experiments in the presence of ex vivo ascitic 

fluid. The accumulation of ascites represents a hallmark 

feature of ovarian cancer and contains pre-existing nAbs 

to Ad5 that may preclude the use of un-modified Ad5-

based vectors. We have previously reported that in the 

presence of 2.5% ascitic fluid (patient OAS001), levels of 

Ad transduction in EOC cells were reduced by 98.9% [36]. 

Our findings show dl24 Ad enhanced cisplatin-resistant 

reduction in cell viability with TsA treatment, even in the 

presence of ascitic fluid. 

In conclusion, this study demonstrates that Ad-

mediated reduction of cell viability is decreased with 

increasing doses of cisplatin in cisplatin-resistant 

ovarian cancer cells. Pan-HDAC inhibition by TsA 

treatment sensitises cisplatin-resistant cells to Ad, even 

in the presence of high dose cisplatin and ex vivo ascitic 

fluid. These are novel findings with potential clinical 

implications for the use of Ad vectors in chemo-resistant 

end-stage disease. 

MATERIALS AND METHODS       

Materials

Cisplatin was obtained from the Velindre Cancer 

Centre, Cardiff. Trichostatin A (TsA) was purchased 

from Sigma-Aldrich. Both reagents were suspended 

in complete incubation media supplemented with 2% 

fetal calf serum. The CellTiter 96® AQ
ueous

 One Solution 

Cell Proliferation Assay [3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium)] (MTS) was purchased from Promega. HDAC 

antibodies (rabbit monoclonal) against human HDAC1, -2 

and -3 antibodies were purchased from Abcam (ab109411, 

ab32117, ab32369 respectively). HDAC2 siRNAs were 

purchased from Qiagen.

Ethics approval

Ethics permission for the collection of ascites was 

granted through a Wales Cancer Bank application for 

biomaterials, reference WCB 14/004. All patients gave 

written informed consent for the use of their samples, prior 

to collection. 

Generation of Ad vectors

Ad5WT was generated by AdZ homologous 

recombineering as previously described [55]. dl24 
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was generated from Ad5WT by AdZ homologous 

recombineering and rendered conditionally replicative 

(oncolytic) by deletion of 24 base pairs in the E1A region 

involved in binding Rb protein as previously described 

[33]. Hence dl24 is unable to induce S phase for Ad 

replication, restricting replication to actively dividing cells 

such as in the tumour microenvironment. All Ads were 

diluted in complete incubation media supplemented with 

2% fetal calf serum.

Primary epithelial ovarian cancer (EOC) cells 

Ascites samples were collected from patients with 

ovarian cancer at the Velindre Cancer Centre, Cardiff, UK 

and anonymously coded (EOC003 and EOC009). Ascites 

was stored at 4° C immediately after collection and 

processed within 24 h. Approximately 400 mL of ascites 
was centrifuged at 1000 rpm for 5 min to separate primary 

EOC cells from the fluid. The supernatant was stored at 

–70° C for subsequent use with autologous tumour cells. 

Red blood cell lysis buffer (Sigma Aldrich, UK) was added 

to the pellet according to the manufacturer`s instructions, 

where appropriate. Tumour cell pellets were frozen in 10% 

DMSO and 90% autologous supernatant (passage 0). A 

further 100 mL of ascites was used to generate primary 
EOC cultures, by separating into 20 mL aliquots and 
adding to 20 mL of complete (RPMI 1640) medium, 
supplemented with 10% (v/v) fetal calf serum (FCS), 

200 µM glutamine, 100 U/mL penicillin, 100 µg/mL  
streptomycin and 10% (v/v) autologous ascitic fluid 

supernatant. Cells were maintained at 37° C and 5% CO
2
. 

The resulting primary cultures were passaged when cells 

had reached confluence. All reagents were purchased from 

Gibco or Thermo Scientific (Paisley, UK). 

SKOV3, A2780 and A2780/cp70 cell lines

SKOV3 cells (human ovarian adenocarcinoma 

derived from ascites) were originally obtained from 

the American Type Culture Collection (ATCC). A2780 

parental (cisplatin-sensitive) human ovarian carcinoma 

and A2780/cp70 (cisplatin-resistant) human ovarian 

carcinoma cells were a kind gift from Dr Alwyn Dart, 

Cardiff University. Cells were cultured as described above 

and passed a mycoplasma test in November 2016. 

Coxsackie adenovirus receptor (CAR) expression 

EOC, SKOV3, A2780 and A2780/cp70 cells were 

seeded at a density of 1.5 × 105 cells per well in a 96-well 

plate. Cells were washed in 200 µl of wash buffer (PBS/1% 

BSA) and incubated with 100 µl of wash buffer containing 

1:500 of mouse anti-human monoclonal antibody against 

CAR (RmcB, Millipore, Watford, UK) or mouse IgG 

control antibody (Santa Cruz Biotechnology, Heidelberg, 

Germany) for 1 hour on ice. Cells were washed three times 

and incubated with a 1:500 dilution of goat anti-mouse 

Alexa Fluor 647 antibody (Invitrogen, UK) for 30 min on 

ice. Cells were fixed in 4% paraformaldehyde for 20 min 

at 4° C. 2 × 104 gated events were acquired in channel 

FL-4 on a BD Accuri C6 (BD Biosciences, USA) flow 
cytometer and data analysed in BD Accuri C6 software 

version 1.0.264.21 (Becton Dickinson, USA). hCAR 

expression was analysed by flow cytometry relative to IgG 

isotype expression.

Ad infection and cell viability

Cells were seeded in 96-well plates at a density of 

2 × 104 cells/well in 100 µl of RPMI media supplemented 

with 10% fetal calf serum, 2 mM L-glutamine, 100 U/ml  
penicillin and 100 µg/ml streptomycin. Cells were 

incubated in humidified boxes at 5% CO
2
, 37° C. After 

24 h, cells were infected with Ad at an MOI of 0–10 

(calculated as the ratio between the number of Ad particles 

and number of cells) and cultured as described above. Cell 

viability (% relative to uninfected cells) was measured by 

MTS assay. In brief, 20 µl of CellTiter 96® AQ
ueous

 One 

Solution Cell Proliferation Assay reagent was added 

to 100 µl of culture medium, followed by incubation 

at 5% CO
2
, 37° C for 2 h. Plates were read at 490 nM 

using a multimode plate reader (FLUOstar Omega, BMG 
Labtech, Aylesbury, UK). Cell viability for cells infected 
with Ad was calculated as a percentage of uninfected 

cells (control). All values were corrected for background 

absorbance from the incubation media. All experiments 

were performed in triplicate. Data are expressed as the 

mean ± SEM.

Ad infection in combination with cisplatin dose 

escalation and cell viability 

Cells were seeded in 96-well plates at a density 

of 2 × 104 cells/well in RPMI media supplemented 

with 10% fetal calf serum, 2 mM L-glutamine, 100 U/
ml penicillin and 100 µg/ml streptomycin. Cells were 

incubated in humidified chambers at 37° C, 5% CO
2
. 

After 24 h, cells were infected with Ad at 100 MOI in 

RPMI media supplemented with 2% fetal calf serum, 2 

mM L-glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin. At 2 h post-infection, cisplatin was added 

to cells at doses of 0.01, 1, 10 and 20 µM. Cisplatin only 

cells were treated with 20 µM cisplatin. Cell viability 

was measured at 72 h post-infection by MTS assay as 

described above. Cell viability for each Ad infected cell 

in the absence and presence of cisplatin was calculated 

as a percentage of uninfected cells (no Ad or cisplatin). 

Data was corrected for background absorbance from 

the incubation media. Experiments were performed in 

triplicate. Data are expressed as the mean ± SEM from 3 

independent experiments. Statistics were performed using 

the Dunnett`s multiple comparison test. P values ≤ 0.05 
are considered statistically significant and calculated to 



Oncotarget26337www.oncotarget.com

determine differences between adenovirus infected cells 

and adenovirus infected cells in the presence of cisplatin.

Ad transduction

Assays were performed as previously described 

[13]. In brief, cells were seeded at a density of 2 × 104 

cells/well in a 96-well plate. After 24 hours, cells were 

infected with a luciferase expressing dl24 Ad at doses 

of 1000, 5000 and 10 000 virus particles (vp) per cell 

in a total volume of 100 µl of serum-free medium and 

incubated at 5% CO
2
, 37° C for 3 hours. The medium was 

removed and replaced with 200 μl of complete medium 
(RPMI 1640 medium supplemented with 10% (v/v) fetal 

calf serum, 100 U/mL penicillin, 100 µg/mL streptomycin) 
and cultured for an additional 45 hours. Cells were lysed 

in 1 × Cell Culture Lysis Buffer (Promega, UK) and 
frozen at –70° C. The cells were thawed and 20 µl of cells 

mixed with 100 µl of luciferase assay reagent in a white 

96-well plate. Luciferase activity in relative light units 
(RLU) was measured immediately using a multimode 
plate reader (FLUOstar Omega, BMG Labtech, Aylesbury, 
UK). Samples were normalised for total protein content, 

as measured by bicinchoninic acid (BCA) assay in 

RLU/mg protein. 2 × 104 gated events were acquired in 

channel FL-1 on a BD Accuri C6 using the plate reader as 
described above.

Intracellular HDAC expression 

A2780 and A2780cp/70 cells were seeded at 

a density of 1 × 105 cells per well, fixed with 4% 

paraformaldehyde, permeabilised with 0.1% Triton-X100 

in PBS and blocked with 10% normal goat serum. Cells 

were incubated with rabbit anti-HDAC1, anti-HDAC2 

and anti-HDAC3 antibodies (1:50) (Abcam, Cambridge, 

UK) and detected with Alexa Fluor 488 goat anti-rabbit 

secondary antibody (1:2000) (Invitrogen, Paisley, UK). 

2 × 104 gated events were acquired in channel FL-1 on a 
BD Accuri C6 using the plate reader as described above. 

HDAC expression was determined relative to the IgG 

isotype expression.

HDAC2 siRNA transfection 

A2780/cp70 (cisplatin-resistant cells) were seeded 

at 10 × 104 cells per well in a 96-well plate in complete 

incubation media in the absence of antibiotics. 24 h after 

seeding, cells were transfected with 6 pmol HDAC2 

siRNAs, All Stars negative control (scrambled) or AbI 1 

5 (positive control) (Qiagen) and 0.3 µl Lipofectamine 
reagent per well in OptiMEM media (in triplicate). 

Transfection control wells contained nuclease-free water 

and OptiMEM media only. Cells were incubated in a 

humidified box at 37° C, 5% CO
2. 

For cisplatin wells, cells 

were incubated for 2 h then dosed with 20 µM cisplatin. 

Cell viability was measured at 48 h by MTS assay and 

calculated as a percentage of non-transfected cells. All 

values were corrected for background absorbance from 

the incubation media. Experiments were performed in 

triplicate. Data is expressed as the mean ± SEM.

Western blotting

Cells were lysed in 1% SDS lysis buffer (50 mM 

Tris HCl, pH 6.8, 10% glycerol, 1% SDS). Each triplicate 

wells were pooled. 10 µl of each sample were used for a 

BCA assay. Samples were freeze thawed and diluted as 

appropriate with water to 10 µg. Samples were centrifuged 

at full speed and the same volume of 2 X Laemmli 
buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 

0.004% bromophenol blue, 0.125M Tris HCl) added to 

each sample. Samples were boiled at 95° C for 10 mins. 

Samples were loaded onto a 10% pre-cast Bis-Tris SDS-

PAGE gel and electrophoresed at 200 V for 1 h. Gels 

were transferred at 20 V for 1 h (semi-dry transfer) to a 

nitrocellulose membrane. Membranes were blocked in 

1 X TBST, 2% BSA at 37° C, room temperature (RT) 1 

h. The siRNA membrane was incubated with rabbit anti-

HDAC2 antibody (ab32117) (1:2000) in 1 X TBST, 2% 

BSA and the positive control siRNA AbI 1 membrane 

was incubated in mouse anti-ABI antibody (1:200) in 1 

X TBST, 2% BSA overnight at 4° C. Membranes were 

washed 3 × 10 min in 1 X TBST. Anti-rabbit HRP and 

anti-mouse HRP (1:2000) in 1 X TBST, 2% BSA was 

added to each membrane respectively and incubated 

at RT for 1 h. Membranes were washed 3 × 10 min in 

1 X TBST. Membranes were incubated with West Pico 

chemiluminescent reagent and immediately imaged. For 

actin loading control, membranes were stripped (Restore 

Western Blot Stripping buffer) for 15 min at RT and 

washed with 1 X TBST and incubated with rabbit anti-

actin antibody (1:2000) in 1 X TBST, 2% BSA for 1 h at 

RT. Membranes were washed 3 × 10 min in 1X TBST. 

Membranes were incubated with anti-rabbit HRP antibody 

(1:2000) in 1X TBST, 2% BSA for 1 h at RT. Membranes 

were washed 3 × in 1 X TBST and incubated with West 

Pico. Membranes were imaged immediately.

Cisplatin and TsA dose response in the absence 

of Ad and cell viability

A2780 and A2780/cp70 cells were seeded at 2 × 104 

cells/well in RPMI media supplemented with 10% fetal 

calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 
100 µg/ml streptomycin in 96-well plates incubated in 

humidified boxes at 37° C, 5% CO
2
. Cells were treated 

with cisplatin at either 100, 50, 10 or 1 µM and TsA 

at either 2 µM, 1 µM or 600 nM as described above. 

Combinations of each dose of cisplatin and TsA were 

also tested. Cells were harvested at 72 h. Cell viability 

was measured by MTS assay (as described above) and 

calculated as a percentage of untreated cells (no cisplatin 
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or TsA). All values were corrected for background 

absorbance from the incubation media. Experiments were 

performed in triplicate. Data are expressed as the mean ± 

SEM. 

Efficacy of Ad in combination with cisplatin and 

TsA co-treatment

A2780 and A2780cp/70 cells were seeded at 2 × 

104 cells/well in complete media containing 10% fetal 

calf serum, 2 mM L-glutamine, 100 U/ml penicillin and 
100 µg/ml streptomycin in 96-well plates incubated in 

humidified boxes at 37° C, 5% CO
2
. After 24 h, cells were 

infected with Ad5WT, dl24 or control Ad at 100 MOI 

in RPMI media supplemented with 2% fetal calf serum, 

2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin. At 2 h post-infection, 20 µM cisplatin and 

either 300 nM or 600 nM TsA [36] was added to cells. 

Cisplatin only wells were treated with 20 µM cisplatin. 

TsA only cells were treated with 600 nM TsA. Cells were 

harvested at 24 h, 48 h, 72 h and 144 h. Cell viability 

was measured by MTS assay as described above. Cell 

viability for each Ad infected cell in the absence and 

presence of cisplatin and or TsA was calculated as a 

percentage of uninfected cells (no Ad). All values were 

corrected for background absorbance from the incubation 

media. Experiments were performed in triplicate. Data 

are expressed as the mean ± SEM. P values ≤ 0.05 were 
considered statistically significant and calculated to 

determine differences in cell viability between Ad infected 

cells in the presence of cisplatin and adenovirus infected 

cells in the presence of cisplatin and TsA.

Efficacy of Ad in combination with cisplatin and 

TsA co-treatment in the presence of clinical ex 

vivo ovarian cancer ascitic fluid

A2780 and A2780cp/70 cells were seeded in 

96-well plates at a density of 2 × 104 cells / well in 

RPMI media supplemented with 10% fetal calf serum, 

2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml 
streptomycin. Cells were incubated in humidified boxes 

at 37° C, 5% CO
2
. After 24 h, cells were infected with 

Ad5WT or dl24 at 100 MOI in RPMI media supplemented 

with 2% fetal calf serum, 2 mM L-glutamine, 100 U/ml  
penicillin and 100 µg/ml streptomycin. At 2 h post-

infection, 20 µM cisplatin and/or 600 nM of TsA and 2.5% 

ascitic fluid containing highly neutralising antibodies to 

Ad5 (patient OAS001) [36] was added to cells. Cisplatin 

only wells were treated with 20 µM cisplatin. TsA only 

cells were treated with 600 nM TsA. Cells were harvested 

at 24 h, 48 h and 72 h. Cell viability was measured by 

MTS assay as described above. Cell viability for each 

adenovirus infected cell in the absence and presence 

of cisplatin and or TsA was calculated as a percentage 

of uninfected cells (no Ad). All values were corrected 

for background absorbance from the incubation media. 

Experiments were performed in triplicate. Data are 

expressed as the mean ± SEM. The broken line indicates 

the percentage of cell viability of non-infected cells 

incubated with cisplatin and TsA only.

TsA treatment and CAR expression 

Cells were seeded at a density of 2 × 104 cells per 

well (day 0). After 24 h (day 1), cells were treated with 

TsA (600 nM). Cells were maintained at 37° C, 5% CO
2 

in a humidified chamber. At 24 h post-treatment, cells 

were stained for CAR expression. Primary antibodies 

were mouse IgG isotype control antibody (Santa Cruz 

Biotechnology, Heidelberg, Germany) (1:200) or mouse 

anti-hCAR antibody (RmcB, Millipore, Watford, UK) 

(1:500) for 1 h at 4° C followed by detection with anti-

mouse Alexa Fluor 647 (Invitrogen, UK) (1:500) for 45 

min at 4° C. Cells were fixed in 4% paraformaldehyde 

for 20 min at 4° C. CAR expression was analysed by flow 

cytometry relative to IgG isotype expression using the BD 

Accuri C6 as described above.

Statistical analyses

Data are presented as experiments performed 

in triplicate. Analysis of variance (ANOVA) and the 

Dunnett’s or Sidak`s multiple comparisons post hoc 

test was performed when three or more groups of data 

were analysed. All analyses and graphs were created in 

GraphPad Prism version 6.03 (GraphPad Software Inc., 

La Jolla, CA, USA).

Abbreviations

EOC: epithelial ovarian cancer; OAd: oncolytic 

adenovirus) Ad: adenovirus; Ad5: adenovirus serotype 

5; Ad5WT: adenovirus serotype 5 wild-type) dl24: Ad5 

serotype 5 ∆24; CAR: coxsackie adenovirus receptor; 
HDAC: histone deacetylase; HDACi: histone deacetylase 

inhibitor; HDACis: histone deacetylase inhibitors; TsA: 

trichostatin A; nAbs: neutralising antibodies; granulocyte-

macrophage colony-stimulating factor: GM-CSF; herpes 

simplex virus: HSV-1.

Author contributions

S.H.C and A.L.P designed research, S.H.C 
performed research, S.H.C, J.D, R.J, E.H, L.H, J.D.C and 
A.L.P analysed data. S.H.C and A.L.P wrote the paper. 
All authors read and approved the final version of the 

manuscript.



Oncotarget26339www.oncotarget.com

ACKNOWLEDGMENTS

We thank the patients from the Velindre Centre, 

Cardiff who kindly donated ascites for this study.

CONFLICTS OF INTEREST

None of the authors declare conflicts of interest.

FUNDING

S.H.C is funded by Life Science Research Network 
Wales Research Impact Award (to A.L.P), and the Cardiff 
Experimental Cancer Medicine Centre (A15733). J.D. 

is funded by a CRUK Biotherapeutics Drug Discovery 

Project Award (grant number 23946; to A.L.P). A.L.P. and 
J.D.C. are funded by HEFCW.

REFERENCES   

1. Cancer Research UK. Cancer statistics reports for the UK 

and worldwide. http://www.cancerresearchuk.org/health-

professional/cancer-statistics/statistics-by-cancer-type/

ovarian-cancer. 

2. Ozols RF. Systemic therapy for ovarian cancer: current status 

and new treatments. Semin Oncol. 2006; 33:S3–11. https://

doi.org/10.1053/j.seminoncol.2006.03.011. 

3. Alemany R. Viruses in cancer treatment. Clin Transl 

Oncol. 2013; 15:182–88. https://doi.org/10.1007/

s12094-012-0951-7. 

4. Larson C, Oronsky B, Scicinski J, Fanger GR, Stirn M, 
Oronsky A, Reid TR. Going viral: a review of replication-

selective oncolytic adenoviruses. Oncotarget. 2015; 

6:19976–89. https://doi.org/10.18632/oncotarget.5116. 

5. Bergelson JM, Cunningham JA, Droguett G, Kurt-Jones 

EA, Krithivas A, Hong JS, Horwitz MS, Crowell RL, 
Finberg RW. Isolation of a common receptor for Coxsackie B 

viruses and adenoviruses 2 and 5. Science. 1997; 275:1320–

23. https://doi.org/10.1126/science.275.5304.1320. 

6. You Z, Fischer DC, Tong X, Hasenburg A, Aguilar-

Cordova E, Kieback DG. Coxsackievirus-adenovirus 

receptor expression in ovarian cancer cell lines is associated 

with increased adenovirus transduction efficiency and 

transgene expression. Cancer Gene Ther. 2001; 8:168–75. 

https://doi.org/10.1038/sj.cgt.7700284. 

7. Kim M, Zinn KR, Barnett BG, Sumerel LA, Krasnykh V, 
Curiel DT, Douglas JT. The therapeutic efficacy of 

adenoviral vectors for cancer gene therapy is limited by a 

low level of primary adenovirus receptors on tumour cells. 

Eur J Cancer. 2002; 38:1917–26. https://doi.org/10.1016/

S0959-8049(02)00131-4. 

8. Kim JS, Lee SH, Cho YS, Choi JJ, Kim YH, Lee JH. 
Enhancement of the adenoviral sensitivity of human ovarian 

cancer cells by transient expression of coxsackievirus and 

adenovirus receptor (CAR). Gynecol Oncol. 2002; 85:260–

65. https://doi.org/10.1006/gyno.2002.6607. 

 9. Lee CS, Bishop ES, Zhang R, Yu X, Farina EM, Yan S, 
Zhao C, Zheng Z, Shu Y, Wu X, Lei J, Li Y, Zhang W, 
et al. Adenovirus-Mediated Gene Delivery: Potential 

Applications for Gene and Cell-Based Therapies in the New 

Era of Personalized Medicine. Genes Dis. 2017; 4:43–63. 

https://doi.org/10.1016/j.gendis.2017.04.001. 

10. Jönsson F, Kreppel F. Barriers to systemic application 

of virus-based vectors in gene therapy: lessons from 

adenovirus type 5. Virus Genes. 2017; 53:692–99. https://

doi.org/10.1007/s11262-017-1498-z. 

11. Uusi-Kerttula H, Davies J, Coughlan L, Hulin-Curtis S, 
Jones R, Hanna L, Chester JD, Parker AL. Pseudotyped 
αvβ6 integrin-targeted adenovirus vectors for ovarian 
cancer therapies. Oncotarget. 2016; 7:27926–37. https://

doi.org/10.18632/oncotarget.8545. 

12. D’Ambrosio E, Del Grosso N, Chicca A, Midulla M. 

Neutralizing antibodies against 33 human adenoviruses in 

normal children in Rome. J Hyg (Lond). 1982; 89:155–61. 
https://doi.org/10.1017/S0022172400070650. 

13. Parker AL, Waddington SN, Buckley SM, Custers J, 
Havenga MJ, van Rooijen N, Goudsmit J, McVey JH, 

Nicklin SA, Baker AH. Effect of neutralizing sera on factor 

x-mediated adenovirus serotype 5 gene transfer. J Virol. 

2009; 83:479–83. https://doi.org/10.1128/JVI.01878-08. 

14. Parker AL, Waddington SN, Nicol CG, Shayakhmetov 
DM, Buckley SM, Denby L, Kemball-Cook G, Ni S, 
Lieber A, McVey JH, Nicklin SA, Baker AH. Multiple 
vitamin K-dependent coagulation zymogens promote 

adenovirus-mediated gene delivery to hepatocytes. 

Blood. 2006; 108:2554–61. https://doi.org/10.1182/

blood-2006-04-008532. 

15. Waddington SN, McVey JH, Bhella D, Parker AL, Barker 
K, Atoda H, Pink R, Buckley SM, Greig JA, Denby L, 
Custers J, Morita T, Francischetti IM, et al. Adenovirus 

serotype 5 hexon mediates liver gene transfer. Cell. 2008; 

132:397–409. https://doi.org/10.1016/j.cell.2008.01.016. 

16. Latifi A, Luwor RB, Bilandzic M, Nazaretian S, Stenvers K, 
Pyman J, Zhu H, Thompson EW, Quinn MA, Findlay JK, 

Ahmed N. Isolation and Characterisation of Tumor Cells 

from the Ascites of Ovarian Cancer Patients: Molecular 

Phenotype of Chemoresistant Ovarian Tumors. PLoS One. 
2012; 7e46858.

17. Uusi-Kerttula H, Hulin-Curtis S, Davies J, Parker AL. 
Oncolytic Adenovirus: Strategies and Insights for Vector 

Design and Immuno-Oncolytic Applications. Viruses. 2015; 

7:6009–42. https://doi.org/10.3390/v7112923.  

18. Marchini A, Scott EM, Rommelaere J. Overcoming 

Barriers in Oncolytic Virotherapy with HDAC Inhibitors 

and Immune Checkpoint Blockade. Viruses. 2016; 8:1–22. 

https://doi.org/10.3390/v8010009. 

19. Khuri FR, Nemunaitis J, Ganly I, Arseneau J, Tannock IF, 

Romel L, Gore M, Ironside J, MacDougall RH, Heise C, 



Oncotarget26340www.oncotarget.com

Randlev B, Gillenwater AM, Bruso P, et al. a controlled 

trial of intratumoral ONYX-015, a selectively-replicating 

adenovirus, in combination with cisplatin and 5-fluorouracil 

in patients with recurrent head and neck cancer. Nat Med. 

2000; 6:879–85. https://doi.org/10.1038/78638. 

20. Liu TC, Hwang TH, Bell JC, Kirn DH. Translation of 
targeted oncolytic virotherapeutics from the lab into the 

clinic, and back again: a high-value iterative loop. Mol Ther. 

2008; 16:1006–08. https://doi.org/10.1038/mt.2008.70. 

21. Nemunaitis J, Ganly I, Khuri F, Arseneau J, Kuhn J, 

McCarty T, Landers S, Maples P, Romel L, Randlev B, Reid 
T, Kaye S, Kirn D. Selective replication and oncolysis in 

p53 mutant tumors with ONYX-015, an E1B-55kD gene-

deleted adenovirus, in patients with advanced head and neck 

cancer: a phase II trial. Cancer Res. 2000; 60:6359–66. 

22. Frew SE, Sammut SM, Shore AF, Ramjist JK, Al-Bader S, 

Rezaie R, Daar AS, Singer PA. Chinese health biotech and 

the billion-patient market. Nat Biotechnol. 2008; 26:37–53. 

https://doi.org/10.1038/nbt0108-37. 

23. Garber K. China approves world’s first oncolytic virus 

therapy for cancer treatment. J Natl Cancer Inst. 2006; 

98:298–300. https://doi.org/10.1093/jnci/djj111. 

24. Hu JC, Coffin RS, Davis CJ, Graham NJ, Groves N, 

Guest PJ, Harrington KJ, James ND, Love CA, McNeish 
I, Medley LC, Michael A, Nutting CM, et al. A phase I 
study of OncoVEXGM-CSF, a second-generation oncolytic 

herpes simplex virus expressing granulocyte macrophage 

colony-stimulating factor. Clin Cancer Res. 2006; 12:6737–

47. https://doi.org/10.1158/1078-0432.CCR-06-0759 

PMID:17121894. 

25. Andtbacka RH, Kaufman HL, Collichio F, Amatruda T, 
Senzer N, Chesney J, Delman KA, Spitler LE, Puzanov 
I, Agarwala SS, Milhem M, Cranmer L, Curti B, et al. 
Talimogene Laherparepvec Improves Durable Response 
Rate in Patients With Advanced Melanoma. J Clin 

Oncol. 2015; 25:2780-2788. https://doi.org/10.1200/

JCO.2014.58.3377.

26. Simpson GR, Relph K, Harrington K, Melcher A, Pandha 

H. Cancer immunotherapy via combining oncolytic 

virotherapy with chemotherapy: recent advances. Oncolytic 

Virother. 2016; 5:1–13. 

27. Chacon JA, Schutsky K, Powell DJ. The Impact of 

Chemotherapy, Radiation and Epigenetic Modifiers 

in Cancer Cell Expression of Immune Inhibitory and 

Stimulatory Molecules and Anti-Tumor Efficacy. 

Vaccines (Basel). 2016; 4:E43. https://doi.org/10.3390/

vaccines4040043. 

28. Ledford H. The Perfect Blend. Nature. 2017; 532:162–64. 
https://doi.org/10.1038/532162a. 

29. Fraga MF, Ballestar E, Villar-Garea A, Boix-Chornet M, 

Espada J, Schotta G, Bonaldi T, Haydon C, Ropero S, 

Petrie K, Iyer NG, Pérez-Rosado A, Calvo E, et al. Loss of 
acetylation at Lys16 and trimethylation at Lys20 of histone 
H4 is a common hallmark of human cancer. Nat Genet. 

2005; 37:391–400. https://doi.org/10.1038/ng1531. 

30. Suh DH, Kim MK, Kim HS, Chung HH, Song YS. 

Epigenetic therapies as a promising strategy for 

overcoming chemoresistance in epithelial ovarian cancer. 

J Cancer Prev. 2013; 18:227–34. https://doi.org/10.15430/

JCP.2013.18.3.227. 

31. Falkenberg KJ, Johnstone RW. Histone deacetylases and 

their inhibitors in cancer, neurological diseases and immune 

disorders. Nat Rev Drug Discov. 2014; 13:673–91. https://

doi.org/10.1038/nrd43600.

32. Marks PA, Xu WS. Histone deacetylase inhibitors: potential 

in cancer therapy. J Cell Biochem. 2009; 107:600–08. 

https://doi.org/10.1002/jcb.22185. 

33. Fueyo J, Gomez-Manzano C, Alemany R, Lee PS, 
McDonnell TJ, Mitlianga P, Shi YX, Levin VA, Yung WK, 
Kyritsis AP. A mutant oncolytic adenovirus targeting the 

Rb pathway produces anti-glioma effect in vivo. Oncogene. 

2000; 19:2–12. https://doi.org/10.1038/sj.onc.1203251.

34. Ler SY, Leung CH, Khin LW, Lu GD, Salto-Tellez M, 
Hartman M, Iau PT, Yap CT, Hooi SC. HDAC1 and 

HDAC2 independently predict mortality in hepatocellular 

carcinoma by a competing risk regression model in a 

Southeast Asian population. Oncol Rep. 2015; 34:2238–50. 

https://doi.org/10.3892/or.2015.4263. 

35. Ling KS, Chen DG, Tsai HJ, Lee MW, Wang PH, Liu FS. 
Mechanisms involved in chemoresistance in ovarian cancer. 

Taiwan J Obstet Gynecol. 2005; 44:209–17. https://doi.

org/10.1016/S1028-4559(09)60143-1.

36. Uusi-Kerttula H, Legut M, Davies J, Jones R, Hudson E, 
Hanna L, Stanton RJ, Chester JD, Parker AL. Incorporation 
of Peptides Targeting EGFR and FGFR1 into the Adenoviral 

Fiber Knob Domain and Their Evaluation as Targeted 

Cancer Therapies. Hum Gene Ther. 2015; 26:320–29. 

https://doi.org/10.1089/hum.2015.015. 

37. Seymour LW, Fisher KD. Oncolytic viruses: finally 
delivering. Br J Cancer. 2016; 114:357–61. https://doi.

org/10.1038/bjc.2015.481. 

38. Yamamoto Y, Nagasato M, Yoshida T, Aoki K. Recent 

advances in genetic modification of adenovirus vectors for 

cancer treatment. Cancer Sci. 2017; 108:831–37. https://doi.

org/10.1111/cas.13228. 

39. Lukashev AN, Zamyatnin AA Jr. Viral Vectors for 
Gene Therapy: Current State and Clinical Perspectives. 

Biochemistry (Mosc). 2016; 81:700–08. https://doi.

org/10.1134/S0006297916070063. 

40. Rosewell Shaw A, Suzuki M. Recent advances in oncolytic 

adenovirus therapies for cancer. Curr Opin Virol. 2016; 

21:9–15. https://doi.org/10.1016/j.coviro.2016.06.009. 

41. Ozdağ H, Teschendorff AE, Ahmed AA, Hyland SJ, 
Blenkiron C, Bobrow L, Veerakumarasivam A, Burtt G, 
Subkhankulova T, Arends MJ, Collins VP, Bowtell D, 

Kouzarides T, et al. Differential expression of selected histone 

modifier genes in human solid cancers. BMC Genomics. 

2006; 7:90. https://doi.org/10.1186/1471-2164-7-90. 



Oncotarget26341www.oncotarget.com

42. West AC, Johnstone RW. New and emerging HDAC 

inhibitors for cancer treatment. J Clin Invest. 2014; 124:30–

39. https://doi.org/10.1172/JCI69738. 

43. Jones PA. At the tipping point for epigenetic therapies 

in cancer. J Clin Invest. 2014; 124:14–16. https://doi.

org/10.1172/JCI74145. 

44. Meng F, Sun G, Zhong M, Yu Y, Brewer MA. Anticancer 

efficacy of cisplatin and trichostatin A or 5-aza-2′-
deoxycytidine on ovarian cancer. Br J Cancer. 2013; 

108:579–86. https://doi.org/10.1038/bjc.2013.10. 

45. Huang R, Langdon SP, Tse M, Mullen P, Um IH, Faratian D, 
Harrison DJ. The role of HDAC2 in chromatin remodelling 

and response to chemotherapy in ovarian cancer. 

Oncotarget. 2016; 7:4695–4711. https://doi.org/10.18632/

oncotarget.6618.

46. Hayashi A, Horiuchi A, Kikuchi N, Hayashi T, Fuseya C, 

Suzuki A, Konishi I, Shiozawa T. Type-specific roles of histone 

deacetylase (HDAC) overexpression in ovarian carcinoma: 

HDAC1 enhances cell proliferation and HDAC3 stimulates 

cell migration with downregulation of E-cadherin. Int J Cancer. 

2010; 127:1332–46. https://doi.org/10.1002/ijc.25151. 

47. Pinkerneil M, Hoffmann MJ, Deenen R, Köhrer K, Arent T,  

Schulz WA, Niegisch G. Inhibition of Class I Histone 

Deacetylases 1 and 2 Promotes Urothelial Carcinoma 

Cell Death by Various Mechanisms. Mol Cancer Ther. 

2016; 15:299–312. https://doi.org/10.1158/1535-7163.

MCT-15-0618. 

48. Senese S, Zaragoza K, Minardi S, Muradore I, Ronzoni S, 

Passafaro A, Bernard L, Draetta GF, Alcalay M, Seiser C, 
Chiocca S. Role for histone deacetylase 1 in human tumor 

cell proliferation. Mol Cell Biol. 2007; 27:4784–95. https://

doi.org/10.1128/MCB.00494-07. 

49. Ingemarsdotter CK, Tookman LA, Browne A, Pirlo K, 
Cutts R, Chelela C, Khurrum KF, Leung EY, Dowson S,  
Webber L, Khan I, Ennis D, Syed N, et al. Paclitaxel 
resistance increases oncolytic adenovirus efficacy via 

upregulated CAR expression and dysfunctional cell 

cycle control. Mol Oncol. 2015; 9:791–805. https://doi.

org/10.1016/j.molonc.2014.12.007. 

50. Watanabe T, Hioki M, Fujiwara T, Nishizaki M, Kagawa S,  

Taki M, Kishimoto H, Endo Y, Urata Y, Tanaka N, 

Fujiwara T. Histone deacetylase inhibitor FR901228 

enhances the antitumor effect of telomerase-specific 

replication-selective adenoviral agent OBP-301 in human 

lung cancer cells. Exp Cell Res. 2006; 312:256–65. 

51. Goldsmith ME, Aguila A, Steadman K, Martinez A, 

Steinberg SM, Alley MC, Waud WR, Bates SE, Fojo T. 

The histone deacetylase inhibitor FK228 given prior to 

adenovirus infection can boost infection in melanoma 

xenograft model systems. Mol Cancer Ther. 2007; 6:496–

505. https://doi.org/10.1158/1535-7163.MCT-06-0431. 

52. Sachs MD, Ramamurthy M, Poel H, Wickham TJ, Lamfers M, 
Gerritsen W, Chowdhury W, Li Y, Schoenberg MP,  
Rodriguez R. Histone deacetylase inhibitors upregulate 

expression of the coxsackie adenovirus receptor (CAR) 

preferentially in bladder cancer cells. Cancer Gene Ther. 

2004; 11:477–86. https://doi.org/10.1038/sj.cgt.7700726. 

53. Berghauser Pont LM, Kleijn A, Kloezeman JJ, van 
den Bossche W, Kaufmann JK, de Vrij J, Leenstra S, 
Dirven CM, Lamfers ML. The HDAC Inhibitors Scriptaid 
and LBH589 Combined with the Oncolytic Virus Delta24-
RGD Exert Enhanced Anti-Tumor Efficacy in Patient-

Derived Glioblastoma Cells. PLoS One. 2015; 10:e0127058. 
https://doi.org/10.1371/journal.pone.0127058. 

54. Yamaguchi H, Chen CT, Chou CK, Pal A, Bornmann W, 

Hortobagyi GN, Hung MC. Adenovirus 5 E1A enhances 

histone deacetylase inhibitors-induced apoptosis through 

Egr-1-mediated Bim upregulation. Oncogene. 2010; 

29:5619–29. https://doi.org/10.1038/onc.2010.295. 

55. Stanton RJ, McSharry BP, Armstrong M, Tomasec P, 

Wilkinson GW. Re-engineering adenovirus vector systems 

to enable high-throughput analyses of gene function. 

Biotechniques. 2008; 45:659–62, 664–68. https://doi.

org/10.2144/000112993.


